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Objective: To develop a new macroscopic scoring system which allows for an overall judgment of
experimental articular cartilage repair and compare it with four existing scoring systems and high-ﬁeld
magnetic resonance imaging (MRI).
Methods: A new macroscopic scoring system was developed to assess the repair of cartilage defects.
Cartilage repair was graded by three observers with different experience in cartilage research at 2e3
time points and compared with the protocol A of the international cartilage repair society (ICRS)
cartilage repair assessment score, the Oswestry arthroscopy score, and macroscopic grading systems
designed by Jung and O’Driscoll. Parameters were correlated with the two-dimensional (2D) magnetic
resonance observation of cartilage repair tissue (MOCART) score based on a 9.4 T MRI as an external
reference standard.
Results: All macroscopic scores exhibited high intra- and interobserver reliability and high internal corre-
lation. The newly developed macroscopic scoring system had the highest intraobserver [0.866  intraclass
correlation (ICC)  0.895] and the highest interobserver reliability (ICC ¼ 0.905) for “total points”. Here,
Cronbach’s alpha indicated good homogeneity and functioning of the items (mean¼ 0.782). “Total points” of
the 2D MOCART score correlated with all macroscopic scores (all P < 0.0001). The newly developed
macroscopic scoring systemyielded the highest correlation for the MRI parameter “defect ﬁll” (rho¼ 0.765;
all P < 0.0001).
Conclusions: “Total points” and “defect ﬁll”, two clinically relevant indicators of cartilage repair, can be
reliably and directly assessed by macroscopic evaluation, using either system. These data support the use
of macroscopic assessment to precisely judge cartilage repair in preclinical large animal models.
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The macroscopic evaluation of the repair tissue in articular
cartilage defects in animal models allows for a ﬁrst overall judg-
ment of its quality1,2. Here, important parameters of cartilage repair
such as “defect ﬁll” and “surface” can be directly assessed, long
before the results of the histological, molecular biological, gene
expressions, or biochemical analyses3e5 are available.
Quantitative macroscopic scoring systems need to accurately
reﬂect the different parameters of cartilage repair and allow for an
objective comparison between treatment groups and therapeuticublished by Elsevier Ltd. All rights reserved.
Table I
Newly developed semiquantitative macroscopic scoring system for the macroscopic
description of articular cartilage repair
Newly developed macroscopic scoring system
Parameter Item Points
Color of the repair tissue Hyaline or white 0
Predominantly white (>50%) 1
Predominantly translucent (>50%) 2
Translucent 3
No repair tissue 4
Presence of blood vessels
in the repair tissue
No 0
Less than 25% of the repair tissue 1
25e50% of the repair tissue 2
50e75% of the repair tissue 3
More than 75% of the repair tissue 4





Incomplete new repair tissue 3
No repair tissue 4
Filling of the defect In level with adjacent cartilage 0
>50% repair of defect depth
or hypertrophy
1
<50% repair of defect depth 2
0% repair of defect depth 3




Cracks and/or ﬁbrillations in
integration zone
1
Diffuse osteoarthritic changes 2
Extension of the defect into
the adjacent cartilage
3
Subchondral bone damage 4
Total points 20
The reverse scale consists of ﬁve major parameters and 25 items. A total number of
20 points is achieved for the worst possible result.
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describe the macroscopic appearance of the repair tissue were
developed so far13e17. The system proposed by O’Driscoll and
colleagues (O’Driscoll score)15 is a classical descriptive score for
experimental articular cartilage repair, while other systems such as
the international cartilage repair society (ICRS) score16,17 and the
Oswestry arthroscopy score (Oswestry score)13 have been designed
for clinical grading of cartilage repair. To date, however, only these
two clinical macroscopic scores have been validated13,18. The
reproducibility and reliability of macroscopic scoring systems for
experimental cartilage repair have not, to our best knowledge, been
assessed.
Magnetic resonance imaging (MRI) is another non-invasive tool
to assess articular cartilage repair19,20. Due to the small size of
specimen and the necessity to correctly select the different indi-
vidual parameters, MRI requires complex optimization. Lee et al.21
already tested the accordance between the magnetic resonance
observation of cartilage repair tissue (MOCART) score22,23 and
arthroscopic ﬁndings following autologous chondrocyte trans-
plantation24 in a clinical setting21. A good correlation for degree of
defect repair, ﬁlling and surface quality, and mild-to-moderate
reliability for integration and adhesions were reported21.
However, whether macroscopic repair of experimentally created
articular cartilage defects correlates with the MOCART score
assessed by a high-ﬁeld MRI remains unknown.
The ﬁrst aim of this study was to develop a new macroscopic
scoring system based on an extended selection of parameters and
items that may allow for a more detailed and comprehensive
macroscopic analysis of experimental cartilage repair.We compared
the intra- and interobserver reliability, and internal correlation of
this novel score with other systems such as the protocol A of the
ICRS score16,17, the Oswestry score13, the O’Driscoll score15, and
a macroscopic score utilized by Jung et al. (Jung score)14. Finally, we
tested the hypothesis that the data from different macroscopic
scoring systems signiﬁcantly correlate with the respective param-
eters obtained using a 9.4 T high-ﬁeld MRI, applying the MOCART
score22e25 as an external reference standard.
Materials and methods
Study design
A newly developed macroscopic scoring system (Table I, Fig. 1)
was established based on photographs of 38 standardized chondral
defects (size 4  6 mm, n ¼ 19 animals) from an experimental
investigation on the effect of marrow stimulation on articular carti-
lage defects26. Within a time period of 8 months, 1,520 blinded
macroscopic observations of cartilage defects were made by three
observers with different experience in cartilage repair at 2e3 time
points. A minimum interval of 8 weeks was kept between observa-
tions. The data of this assessment were next compared with the
ICRS16,17, Oswestry13, Jung14, and O’Driscoll15 scores. The explanted
osteochondral units containing the defects were then scanned in
a 9.4 T MRI (Fig. 2). The two-dimensional (2D) MOCART score for
cartilage defects was applied22e25. Finally, the data of the macro-
scopic evaluation were correlated with the results of the MRI
examination.
Animal experiments
In 22 healthy, skeletally mature female Merino sheep (age
between 2 years and 4 years; average weight 70  20 kg), stan-
dardized full-thickness chondral defects were created in the weight-
bearing area of the medial femoral condyle in each stiﬂe joint. Three
sheep were excluded due to infection. Animal experiments were inaccordancewith the German legislation on protection of animals and
the NIH Guidelines for the Care and Use of Laboratory Animals [NIH
Publication 85-23, Rev. 1985] and were approved by the local
governmental animal care committee. Animals were fed a standard
diet, receivedwater ad libitum, andweremonitored at all times. After
a 12-h fast, sheep were sedated with 0.05 mg/kg body weight 2%
rompun (Bayer, Leverkusen, Germany) and received a general anes-
thesia with intravenous application of 20 ml of 2% propofol (Astra-
Zeneca, Wedel, Germany) and 1.4 mg/kg body weight carprofen
(Pﬁzer, Berlin, Germany). Animals were then intubated. Anesthesia
was maintained by inhalation of 1.5% isoﬂurane (Baxter, Unters-
chleißheim, Germany) and intravenous application of propofol
(6e12mg/kgbodyweight/h). Preoperative radiographshad excluded
osteoarthritis.
A medial parapatellar approach was chosen to enter the stiﬂe
joint. A standardized, rectangular 4 6mm full-thickness chondral
defect was created in the medial femoral condyle using a custom-
made precision surgical instrument. Articular cartilage, including
the calciﬁed cartilage, was meticulously removed down to the
cement line. No bleeding from the subchondral bone was observed.
Six subchondral drill holes (diameter: 1.0 mm) were then intro-
duced into each defect using a Kirschner wire to a depth of 10 mm
in a standardized manner26. Postoperatively, animals received 3 ml
of 0.25% fenpipramide/levomethadone (MSD, Unterschleißheim,
Germany), 30 mg/kg body weight amoxicillin clavulanate (Pﬁzer)
and 1.8 mg/kg body weight carprofen. Animals were allowed full
weight-bearing immediately after surgery. After 6 months, sheep
were sacriﬁced in general anesthesia. The stiﬂe joints were
explanted and high-resolution digital photographs of the defects
were taken using a Canon PowerShot A480 camera (Canon, Tokyo,
Japan) with 10 mega pixels and a speciﬁc macroscopic lens under
standardized conditions including illumination with a 40 W
Fig. 1. Representative examples of articular cartilage defects corresponding to each item of each parameter of the newly developed macroscopic scoring system. Selected pictures
display the mean score values of the three observers and 2e3 time points. Digits indicate the number of points it would receive in the scoring system.
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at the constant distance of 50 cm to the cartilage specimens with an
approximate illuminance of 2160 lx. The 38 medial condyles were
then explanted and the anterior two-third of the condyles were
ﬁxated in 4% formalin for 48 h, then transferred to 70% ethanol and
prepared for MRI investigation.
Description of the newly developed macroscopic score
The inverse scoring system ranges from 0 points (excellent
repair cartilage) to 20 points (cartilage defect without any repair
tissue and extension into the adjacent cartilage; Table I, Fig. 1). Five
major evaluation parameters with a total of 25 items were deﬁned
as follows:
1. “Color of the repair tissue”: any identiﬁable repair tissue is
evaluated.
2. “Presence of blood vessels in the repair tissue”: indicated by the
appearance of red color or blood vessels in the repair tissue27e29.3. “Surface of the repair tissue”: ranging from no repair within the
defect to a smooth, homogeneous surface3,30.
4. “Filling of the defect”: a subchondral bone damage receives
worst grading, ﬁlling in level with the adjacent cartilage
receives best grading3,30.
5. “Degeneration of adjacent articular cartilage”: degree of oste-
oarthritic changes in the adjacent articular cartilage3,31.
Macroscopic evaluation
From each defect, one or two photographs were chosen by
observer A for best image quality and printed on high quality photo
paper (Ultra Premium Photo Paper, Kodak, Rochester, NY) in the
size 13.0 cm  18.0 cm displaying the defect site at a 12-fold
magniﬁcation (ca. 5.0  7.0 cm). The photographs of the 38 artic-
ular cartilage defects were independently scored twice by three
observers (A, B and C) using the four different grading systems and
the newly developed macroscopic scoring system, additionally
applied a third time by two observers (A and C). Between each
Fig. 2. Example of macroscopic and MRI assessment of a representative cartilage defect specimen illustrating (a) the macroscopic picture of the exposed stiﬂe joint after sacriﬁce,
(b) standardized photographs of the articular cartilage defects, (c) the coronal plane reconstruction of the articular cartilage defect examined in a 9.4 T high-ﬁeld MRI setting, and
(d) the macroscopic aspect of a section through the articular cartilage defect in the congruent plane. Bar: 4 mm.
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prevent any bias by recognition. Mean value, standard deviation,
internal correlation, intra- and interobserver reliability were
assessed for the newly developed macroscopic scoring system as
well as for the ICRS16,17, Oswestry13, Jung14, and O’Driscoll15 scores.
The ICRS and Oswestry scores were developed for arthroscopic
assessment of cartilage repair in patients; the O’Driscoll and Jung
scores for a rabbit and minipig model of cartilage defects.
The ICRS score16,17 was applied unchanged. “Stiffness on probing”
of the Oswestry score13 was excluded. In the original publication of
the Jung score14, “contracture” and “adhesions” were rated with 1
point for the existence of either pathology. Assuming this to be an
error, it has been rectiﬁed. As the original O’Driscoll score15 only
compares single parameters between treatment groups, we allo-
cated point values to each item (maximum number: 8 points for
worst result): “Contractures”, “adhesions”, “erosions” or a ‘rough’
“regenerated tissue”was rated 1 point. The parameter “restoration of
the patellar groove” was replaced by “restoration of the joint
contour” with 1 point for ‘partial’ and 2 points for ‘no restoration’.
Each scoring system was applied by three observers with
different levels of experience in cartilage repair: observer A was
a medical student with no experience in grading of articular
cartilage defects, observer B was a registrar for orthopaedic surgery,
observer C was a consultant for orthopaedic surgery. Prior to
evaluation, observer A had received a 1 h training unit on arthro-
scopic images of human articular cartilage defects.
Evaluation by 9.4 T high-ﬁeld MRI
The explanted medial condyles were examined in a 9.4 T high-
ﬁeld MRI scanner developed for imaging of small animals (Biospec
Avance III 9.4/20, Bruker Biospin, Ettlingen, Germany) with
a gradient strength of 675 mT/m (BGA 12S gradient system), using
a circular polarized volume coil (inner diameter: 40mm) adapted for
imaging experiments of rat brain, in receive/transmit conﬁguration.
A three-dimensional (3D) spoiled gradient echo (GE) sequence was
chosen to perform isovolumetric scans of the osteochondralsamples. Minimum voxel size was 120  120  120 mm, and opti-
mized imaging parameters were evaluated as: repetition time (TR):
10 ms, time echo (TE): 3 ms, ﬂip angle (FA): 10, number of excita-
tions (NEX): 10 and bandwidth (BW): 98684.2 kHz. To minimize
acquisition time and warming of the samples and the employed coil
system, readout direction was placed in alignment with the longest
dimension of the scanned objects, adapting the matrix size to
completely cover the samples (typically consisting of a set of
256 128 128 voxels). Consecutive to the scans, reconstructions in
three orthogonal planes were performed in identical spatial reso-
lution (Paravision 5.1, JIVE tool, Bruker Biospin) and analyzed with
ImageJ version 1.45 (NIH, Bethesda, MD, USA). The condyles were
evaluated using amodiﬁcation of the 2DMOCART score described by
Marlovits et al.22,23 (Table II), a clinical scoring system for cartilage
repair12,21e23. According to a previously published point scale for the
2D MOCART score by Trattnig et al.25, images of the coronal and
sagittal plane of the samples were evaluated in parallel by observer
A. In a standardized procedure, only the anterior 3.5 mm of the
defects were analyzed to avoid any inﬂuence caused by sample
preparation. Results were correlated to the different macroscopic
scoring systems (Fig. 2).
Statistical evaluation
Results are expressed as mean value  standard deviation. To
determine a possible relationship between macroscopic data and
MRI ﬁndings, mean values of each macroscopic scoring system
were correlated with each other and with the 2DMOCART score for
the identical parameters “surface” and “defect ﬁll”, as well as “total
points” values using Spearman’s rho. The average differences in
mean “total points” values of the different macroscopic scoring
systems are the sum of the differences in point values between the
observations divided by the number of observations. Wilcoxon
rank-sum test was applied to determine a statistical signiﬁcance.
Intraclass correlation (ICC) was used to assess intra- and interob-
server reliability with 95% conﬁdence intervals (CIs) to describe the
precision of the estimated ICC reliabilities32. A z-test was used to
Table II
Modiﬁcation of the clinical 2D MOCART score developed by Marlovits et al.22,23 for
the evaluation of ex vivo osteochondral samples
2D MOCART score
Parameter Item Points
Defect ﬁll Subchondral bone exposed 0
Incomplete < 50% 5
Incomplete > 50% 10
Complete 20
Hypertrophy 15
Cartilage interface Complete 15
Demarcating border visible 10
Defect visible < 50% 5
Defect visible > 50% 0
Surface Surface intact 10
Surface damaged < 50% of depth 5




Inhomogeneous or cleft formation 0
Signal intensity Normal 30
Nearly normal 10
Abnormal 0
Subchondral lamina Intact 5
Not intact 0
Subchondral bone Intact 5
Granulation tissue, cyst, sclerosis 0
Effusion No effusion 5
Effusion 0
Total points 100
Point allocation was used consistently as described by Trattnig et al.25. The parameter
“signal intensity” was adopted from the 3D MOCART score44 where only one
sequence is applied. Note that the parameters “adhesions” and “effusion” were
determined by clinical examination. MRI parameters “structure”, “signal intensity”,
“subchondral lamina”, “effusion, and “subchondral bone” of the repair tissuewere not
correlated with macroscopy; “edema” of bone marrow was excluded22e25.
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error, SQRT: square root. Internal consistency of the newly devel-
opedmacroscopic scoring systemwas assessed by Cronbach’s alpha
to measure the psychometric functioning of the items as a set.
Calculations were performed with SPSS version 19.0 (SPSS Inc/IBM,
Chicago, IL, USA). All P values are two-tailed and a P value < 0.05
was considered to be statistically signiﬁcant.
Results
Internal correlation between the ﬁve macroscopic scores
Mean values and standard deviations were calculated for the
different observers and time points (Table III). To determine
internal correlation of the ﬁve macroscopic scores, results of eight
examinations and three investigators were averaged and Spear-
man’s rhowas calculated for “total points” and identical parameters
of each score (Table IV). All scores showed a good correlation, with
rho values> 0.8 or<0.8 for “total points” (all P< 0.0001) and rho
values > 0.5 or < 0.5 for individual parameters (all P  0.0014).
The highest correlation was found between Oswestry and Jung
scores for “total points” (rho ¼ 0.956). The Oswestry score had the
lowest correlation with the O’Driscoll score for the parameter
“defect ﬁll” (rho ¼ 0.504).
Intra- and interobserver reliability of the ﬁve macroscopic scores
When different time points were assessed by one single observer,
average differences in “total points” values were of 0.74  0.29
(range 0.13e1.92) for the newly developed macroscopic scoringsystem, 1.38  0.34 (0.21e2.81) for the ICRS score, 0.71  0.20
(0.24e1.40) for the O’Driscoll score, 0.31  0.28 (0.11e0.68) for the
Oswestry score and 0.24  0.23 (0.18e0.32) for the Jung score.
Accordingly, average differences in “total points” values between
the three observers (A, B, C) were very low with 0.74  0.09 (range
0.41e1.11) for the newly developed macroscopic scoring system,
0.75  0.34 (0.37e1.12) for the ICRS score, 0.17  0.21 (0.08e0.26)
for the O’Driscoll score, 0.28  0.57 (0.20e0.42) for the Oswestry
score, and 0.30  0.19 (0.18e0.45) for the Jung score. Statistical
evaluation revealed no signiﬁcant differences for mean intra- and
interobserver differences for the ﬁve scoring systems tested
(all P  0.200).
The intraobserver reliability for “total points” of the newly
developed macroscopic scoring system was the highest among all
scores evaluated (0.866  ICC  0.895; Table V). All scores were
characterized by moderate-to-strong ICC values (all P < 0.0001 for
the ﬁve scores and the three observers), except for “surface” of the
O’Driscoll, Oswestry and Jung scores.
Interobserver reliability for observers with different levels of
experience in cartilage research was next determined (Table VI).
The newly developed macroscopic scoring system reached the
highest interobserver reliability upon ICC analysis of “total points”
(ICC¼ 0.905; P< 0.0001). All other systems showed also signiﬁcant
correlations (all P  0.0008), with ICCs between 0.590 (“surface” in
Oswestry score) and 0.933 (“defect ﬁll” in Oswestry score) for all
scores and parameters tested.
Internal consistency of the parameters of the newly developed
macroscopic scoring system
Cronbach’s alpha was calculated for the newly developed
macroscopic scoring system to test for internal consistency of the
single parameters. Cronbach’s alpha was reasonable good with
0.734 for observer A, 0.837 for observer B, and 0.774 for observer C,
i.e., a mean value of 0.782. This indicates good homogeneity and
functioning of the items in the newly developed macroscopic
scoring system.
Evaluation of cartilage defects by 9.4 T high-ﬁeld MRI using the
2D MOCART score
Next, all of the 38 cartilage defects were scanned with a high-
ﬁeld MRI at 9.4 T as an external reference standard to allow for
an independent correlation of the different macroscopic scores. The
2D MOCART score (Table II) was then applied to grade articular
cartilage repair. The resulting mean point values were 4.81  2.80
for “defect ﬁll”, 0.94  2.64 for “cartilage interface”, 0.44  1.37 for
“surface”, 5.00  0.00 for “adhesions”, 0.19  0.87 for “structure”,
8.88  4.87 for “signal intensity”, 0.25  1.10 for “subchondral
lamina”, 0.38  1.33 for “subchondral bone”, and 4.88  0.79 for
“effusion”. “Total points” values for individual defects ranged from
10 to 70 points (with 0 points reﬂective of poor repair, and 100
points reﬂective of excellent repair), conﬁrming a broad spectrum
of the different repair grades. The mean “total points” value was
25.75  9.37 points.
Correlation between macroscopic and MRI evaluation of the
articular cartilage defects
Individual parameters of the 2D MOCART score were next
correlatedwith thematching individual parameters of the different
macroscopic scores, i.e., “defect ﬁll” and “surface” (Table IV).
“Defect ﬁll” exhibited the highest correlation with the matching
parameter of the newly developed macroscopic scoring system
(rho¼0.765; P< 0.0001). It also correlatedwith this parameter in
Table III
Results of the ﬁve scoring systems evaluated for all observers and different time points
Parameter A e I A e II A e III A e mean B e I B e II B e mean C e I C e II C e III C e mean All e mean
New score Color of repair tissue 1.66 (1.05) 1.39 (1.17) 1.39 (1.13) 1.48 (1.11) 1.92 (1.30) 1.95 (1.35) 1.93 (1.32) 1.71 (0.84) 1.66 (0.78) 1.82 (0.93) 1.73 (0.84) 1.69 (1.09)
Coverage with blood vessels 0.87 (1.23) 0.92 (1.26) 0.92 (1.42) 0.90 (1.30) 1.00 (1.14) 0.53 (0.83) 0.76 (1.02) 0.84 (1.20) 0.79 (1.34) 1.18 (1.43) 0.94 (1.33) 0.88 (1.24)
Surface of the repair tissue 2.58 (1.03) 2.50 (1.11) 2.68 (1.19) 2.59 (1.10) 3.61 (0.97) 3.50 (0.86) 3.55 (0.91) 2.50 (1.06) 3.05 (0.9) 3.61 (1.00) 3.07 (1.08) 3.00 (1.11)
Filling of the defect 1.55 (1.05) 2.05 (1.11) 2.00 (1.12) 1.87 (1.12) 1.79 (0.91) 1.53 (0.76) 1.66 (0.84) 1.55 (0.89) 1.71 (0.90) 1.97 (0.88) 1.75 (0.90) 1.77 (0.97)
Degeneration of adjacent
cartilage
1.53 (1.22) 1.47 (1.03) 1.05 (1.01) 1.35 (1.10) 1.37 (0.85) 1.42 (0.72) 1.39 (0.78) 1.34 (1.24) 1.66 (1.10) 1.29 (0.69) 1.43 (1.04) 1.39 (1.01)
Total points 8.18 (3.92) 8.34 (3.48) 8.05 (3.88) 8.19 (3.74) 9.68 (4.07) 8.92 (3.6) 9.30 (3.84) 7.95 (3.83) 8.87 (3.76) 9.87 (3.91) 8.89 (3.88) 8.73 (3.83)
ICRS score Degree of defect repair n. d. 1.45 (1.11) 1.58 (1.18) 1.51 (1.14) 1.63 (1.08) 1.87 (1.12) 1.75 (1.10) n. d. 1.45 (1.06) 1.45 (1.03) 1.45 (1.04) 1.57 (1.09)
Integration to border zone n. d. 0.29 (0.65) 0.08 (0.36) 0.18 (0.53) 0.74 (0.64) 1.26 (1.00) 1.00 (0.88) n. d. 0.00 (0.00) 3.00 (0.00) 1.50 (1.51) 0.89 (1.18)
Macroscopic appearance n. d. 1.05 (0.77) 1.34 (1.10) 1.20 (0.95) 0.71 (0.73) 1.08 (0.94) 0.89 (0.86) n. d. 1.16 (0.80) 0.97 (0.72) 1.07 (0.81) 1.05 (0.88)
Total points n. d. 2.79 (1.93) 3.00 (2.24) 2.89 (2.08) 3.08 (2.26) 4.21 (2.79) 3.64 (2.59) n. d. 2.61 (1.84) 5.42 (1.65) 4.01 (2.24) 3.52 (2.35)
O’Driscoll
score
Contractures n. d. 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) n. d. 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Adhesions n. d. 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) n. d. 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Erosions n. d. 1.00 (0.00) 0.21 (0.41) 0.61 (0.49) 1.00 (0.00) 0.55 (0.50) 0.78 (0.42) n. d. 0.08 (0.27) 0.26 (0.45) 0.17 (0.38) 0.52 (0.50)
Regenerated tissue n. d. 0.95 (0.23) 0.84 (0.37) 0.89 (0.31) 0.92 (0.27) 0.87 (0.34) 0.89 (0.31) n. d. 0.87 (0.34) 0.97 (0.16) 0.92 (0.27) 0.90 (0.30)
Restoration of the
patellar groove
n. d. 1.71 (0.57) 1.21 (0.58) 1.46 (0.62) 1.11 (0.45) 1.11 (0.45) 1.11 (0.45) n. d. 1.63 (0.59) 1.58 (0.60) 1.61 (0.59) 1.39 (0.59)
Total points n. d. 3.66 (0.75) 2.26 (1.06) 2.96 (1.15) 3.03 (0.64) 2.53 (0.95) 2.78 (0.84) n. d. 2.58 (0.86) 2.82 (0.87) 2.70 (0.86) 2.81 (0.96)
Oswestry
score
Graft level with surrounding
cartilage
n. d. 0.16 (0.55) 0.11 (0.45) 0.13 (0.50) 0.16 (0.55) 0.21 (0.62) 0.18 (0.58) n. d. 0.11 (0.45) 0.16 (0.55) 0.13 (0.50) 0.15 (0.53)
Integration with surrounding
cartilage
n. d. 0.08 (0.27) 0.00 (0.00) 0.04 (0.14) 0.18 (0.39) 0.47 (0.60) 0.33 (0.53) n. d. 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.12 (0.35)
Appearance of surface n. d. 0.37 (0.67) 0.32 (0.62) 0.34 (0.64) 0.16 (0.44) 0.58 (0.64) 0.37 (0.59) n. d. 0.05 (0.23) 0.13 (0.34) 0.09 (0.29) 0.27 (0.54)
Color of graft n. d. 0.58 (0.76) 0.89 (0.69) 0.74 (0.74) 0.61 (0.72) 0.53 (0.69) 0.57 (0.70) n. d. 0.82 (0.69) 0.79 (0.41) 0.80 (0.70) 0.70 (0.68)
Total points n. d. 1.18 (1.57) 1.32 (1.25) 1.25 (1.42) 1.11 (1.66) 1.79 (2.08) 1.45 (1.90) n. d. 0.97 (1.10) 1.08 (1.00) 1.03 (1.05) 1.24 (1.50)
Jung score Contractures n. d. 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) n. d. 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00)
Adhesions n. d. 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) n. d. 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00)
Macroscopic synovialitis n. d. 0.97 (0.16) 0.97 (0.16) 0.97 (0.16) 0.97 (0.16) 0.97 (0.16) 0.97 (0.16) n. d. 0.97 (0.16) 0.97 (0.16) 0.97 (0.16) 0.97 (0.16)
Defect ﬁlling n. d. 0.61 (0.64) 0.71 (0.61) 0.66 (0.62) 0.84 (0.55) 0.92 (0.54) 0.88 (0.54) n. d. 0.61 (0.64) 0.76 (0.54) 0.68 (0.59) 0.74 (0.59)
Defect surface n. d. 0.11 (0.31) 0.26 (0.45) 0.18 (0.39) 0.16 (0.37) 0.18 (0.39) 0.17 (0.38) n. d. 0.03 (0.16) 0.08 (0.27) 0.05 (0.22) 0.14 (0.34)
Defect integration n. d. 0.11 (0.31) 0.00 (0.00) 0.05 (0.22) 0.08 (0.27) 0.16 (0.37) 0.12 (0.33) n. d. 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.06 (0.23)
Defect color n. d. 0.74 (0.79) 0.79 (0.70) 0.76 (0.75) 0.45 (0.50) 0.45 (0.69) 0.45 (0.60) n. d. 0.68 (0.70) 0.79 (0.41) 0.74 (0.57) 0.65 (0.66)
Total points n. d. 4.53 (1.45) 4.74 (1.39) 4.63 (1.41) 4.50 (1.35) 4.68 (1.61) 4.9 (1.48) n. d. 4.29 (1.37) 4.61 (1.00) 4.45 (1.20) 4.56 (1.37)
Data are expressed as: mean value (standard deviation). A, B, and C indicate the different observers; IeIII the different time points. Aemean, Bemean, and Cemean indicatemean point values for all observations by observer A,
















Internal correlation of the ﬁve evaluated macroscopic scoring systems and the external correlation with MOCART score
Internal correlation External correlation
Oswestry score O’Driscoll score Jung score ICRS score MOCART score
rho P rho P rho P rho P rho P
New score Defect ﬁll L0.516 0.0011 0.850 <0.0001 L0.928 <0.0001 L0.950 <0.0001 L0.765 <0.0001
Surface L0.882 <0.0001 0.658 <0.0001 L0.723 <0.0001 L0.944 <0.0001 0.053 0.750
Total points L0.917 <0.0001 0.829 <0.0001 L0.920 <0.0001 L0.834 <0.0001 L0.632 <0.0001
ICRS score Defect ﬁll 0.516 0.0011 L0.858 <0.0001 0.925 <0.0001 0.760 <0.0001
Surface 0.904 <0.0001 L0.644 <0.0001 0.736 <0.0001 0.042 0.801
Total points 0.925 <0.0001 L0.807 <0.0001 0.915 <0.0001 0.687 <0.0001
Jung score Defect ﬁll 0.545 0.0005 L0.845 <0.0001 0.703 <0.0001
Surface 0.733 <0.0001 L0.700 <0.0001 0.191 0.249
Total points 0.956 <0.0001 L0.815 <0.0001 0.668 <0.0001
O’Driscoll score Defect ﬁll L0.504 0.0014 L0.702 <0.0001
Surface L0.700 <0.0001 0.289 0.079
Total points L0.800 <0.0001 L0.610 <0.0001
Oswestry score Defect ﬁll 0.543 0.0005
Surface 0.103 0.537
Total points 0.693 <0.0001
Identical parameters included in the ﬁve different macroscopic scores and “total points” values were directly correlated; mean value of all examinations was used. External
correlation with 2D MOCART score was assessed by 9.4 T high-ﬁeld MRI as external reference standard. Spearman’s rho and P values were determined. Signiﬁcant rho values
are in bold. New score: newly developed macroscopic scoring system.
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of the 2D MOCART score did not correlate signiﬁcantly with an
identical macroscopic parameter in none of the ﬁve systems
(0.079  P  0.801; Table IV).
When “total points” of the MOCART score were correlated with
“total points” of all macroscopic scoring systems, the highest
correlation was observed for the Oswestry score (rho ¼ 0.693),
while all others also showed a moderate correlation (all P 0.0001,
Table IV).
Discussion
The data of the present study show that all of the ﬁve macro-
scopic scores exhibited high intra- and interobserver reliability and
high internal correlation. The newly developed macroscopic scoringTable V
Intraobserver reliability of the ﬁve macroscopic scoring systems
Observer A Observer B Observer C
ICC (95% CI) ICC (95% CI) ICC (95% CI)
New score
Defect ﬁll 0.864 (0.781e0.922) 0.907 (0.847e0.947) 0.832 (0.733e0.902)
Surface 0.701 (0.548e0.815) 0.751 (0.570e0.862) 0.702 (0.544e0.818)
Total points 0.878 (0.801e0.929) 0.866 (0.757e0.928) 0.895 (0.830e0.940)
ICRS score
Defect ﬁll 0.973 (0.949e0.986) 0.700 (0.492e0.831) 0.827 (0.691e0.906)
Surface 0.732 (0.541e0.850) 0.680 (0.463e0.820) 0.715 (0.515e0.841)
Total points 0.851 (0.732e0.920) 0.802 (0.651e0.892) 0.886 (0.792e0.939)
O’Driscoll score
Defect ﬁll 0.606 (0.359e0.774) 0.868 (0.761e0.928) 0.700 (0.490e0.831)
Surface 0.485 (0.200e0.694) 0.733 (0.543e0.852) 0.327 (0.014e0.583)
Total points 0.595 (0.344e0.767) 0.721 (0.525e0.845) 0.730 (0.537e0.850)
Oswestry score
Defect ﬁll 0.791 (0.633e0.886) 0.846 (0.724e0.917) 0.791 (0.634e0.886)
Surface 0.875 (0.772e0.933) 0.585 (0.330e0.760) 0.236 (0.002e0.514)
Total points 0.758 (0.581e0.867) 0.770 (0.600e0.874) 0.785 (0.624e0.882)
Jung score
Defect ﬁll 0.876 (0.775e0.934) 0.782 (0.618e0.880) 0.728 (0.535e0.849)
Surface 0.538 (0.268e0.730) 0.539 (0.269e0.731) 0.493 (0.210e0.700)
Total points 0.783 (0.620e0.881) 0.757 (0.580e0.866) 0.736 (0.548e0.855)
ICC for assessing intraobserver reliability. All ICC are statistically signiﬁcant at
a P level < 0.0001, except “surface” for O’Driscoll (observer A: P ¼ 0.0009; observer
C: P ¼ 0.0212), Oswestry (observer C: P ¼ 0.0738, not signiﬁcant) and Jung (observer
A: P ¼ 0.0002; observer B: P ¼ 0.0002 and observer C: P ¼ 0.0004) scores. Signiﬁcant
ICC values are in bold. New score: newly developed macroscopic scoring system.system had the highest intraobserver and the highest interobserver
reliability among all ﬁve scores for “total points”. The reproducibility
among observers with different levels of experience in articular
cartilage research remained constant for all ﬁve scores. The newly
developed macroscopic scoring system contains 25 items, the
highest number of all scores tested. When the individual parameters
of the different macroscopic scores were correlated with the corre-
sponding parameters of the 2D MOCART score based on a 9.4 T MRI
evaluation as an external reference standard, the parameter “defect
ﬁll” exhibited the highest correlation with the corresponding
parameter of the newly developed macroscopic scoring system.
“Total points” of all ﬁve macroscopic scores reﬂected well the data
from the “total points” of the 2D MOCART score. This suggests thatTable VI
Interobserver reliability of the ﬁve macroscopic scoring systems
ICC 95% CI P
New score
Defect ﬁll 0.852 0.763e0.915 <0.0001
Surface 0.727 0.582e0.839 <0.0001
Total points 0.905 0.845e0.947 <0.0001
ICRS score
Defect ﬁll 0.843 0.750e0.909 <0.0001
Surface 0.774 0.651e0.866 <0.0001
Total points 0.833 0.734e0.903 <0.0001
O’Driscoll score
Defect ﬁll 0.687 0.534e0.809 <0.0001
Surface 0.801 0.689e0.883 <0.0001
Total points 0.824 0.722e0.897 <0.0001
Oswestry score
Defect ﬁll 0.933 0.888e0.962 <0.0001
Surface 0.590 0.414e0.743 0.0008
Total points 0.778 0.656e0.869 <0.0001
Jung score
Defect ﬁll 0.816 0.711e0.893 <0.0001
Surface 0.625 0.455e0.767 <0.0001
Total points 0.838 0.742e0.905 <0.0001
ICC for assessing interobserver reliability of three observers. Interobserver reliability
for all scoring systems is statistically signiﬁcant compared to a correlation of zero,with
highest “total points” reliability for the newly developedmacroscopic scoring system.
However, no signiﬁcant differences were detected in “total points” interobserver
reliability between the new score compared to “total points” ICC for ICRS (z ¼ 1.24,
P¼ 0.2169), O’Driscoll (z¼ 0.78, P¼ 0.4379), Oswestry (z¼ 1.90, P¼ 0.0574), and Jung
“total points” (z ¼ 1.18, P ¼ 0.2365). Signiﬁcant ICC values are in bold. New score:
newly developed macroscopic scoring system.
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the quality of articular cartilage repair, can be reliably assessed at
a very early time point by macroscopic evaluation. These data
support the use of macroscopic assessment for a precise ﬁrst-line
judgment of articular cartilage repair in preclinical large animal
models.
Macroscopic evaluations are important tools in articular carti-
lage research. For example, the Osteoarthritis Research Society
International (OARSI) strongly recommended such assessments in
its histopathology initiative33,34 to grade osteoarthritis in different
animal models. Similarly, macroscopic evaluation is also routinely
performed in animal models of focal articular cartilage defects (i.e.,
for rabbits9,15,35, dogs7,36, goats37, sheep10,38, or horses39).
A scoring system must be practicable to apply and reproducible
within and between different observers and time points. An
elementary score with less parameters should, in theory, result in
a higher intra- and interobserver reliability, whereas amore complex
scoring system may allow discriminating between minor differ-
ences. High intra- and interobserver reliability and internal corre-
lation of all scoring systems tested suggest that they are effective
tools to macroscopically characterize articular cartilage repair. The
newly developed macroscopic scoring system contains 25 items,
the highest number of all scores evaluated. Internal consistency of
the single parameters of this new score was high, as indicated by
amean Cronbach’s alpha of 0.782, demonstrating good homogeneity
and functioning of the individual items. They are organized in ﬁve
individual parameters that may allow for a more detailed and
comprehensive macroscopic ﬁrst-line analysis of cartilage repair.
This score yielded the highest intra- and interobserver reliability,
allowing for an in-depth description of macroscopic details. It may
therefore serve to precisely evaluatemacroscopic cartilage repair. For
example, ﬁve different characteristics can be chosen that reﬂect the
surface of the repair tissue, similarly to the ICRS score38,40, allowing
for a more detailed description in contrast to i.e., the Jung score14
that uses only two items (“rough” and “smooth”).
All of the evaluated scores contain different individual param-
eters. “Integration” is evaluated in the Jung, Oswestry, ICRS and
MOCART score, “color” only in the Oswestry, Jung and the newly
developed macroscopic scoring system, “contractures” are assessed
by Jung and O’Driscoll, “adhesions” by the MOCART, Jung and
O’Driscoll scores, “erosions” by O’Driscoll score and “macroscopic
synovialitis” by the Jung score. Therefore, only the parameters
“defect ﬁll” and “surface” were compared as they are common
among all scores. Interestingly, they correlate signiﬁcantly among
all macroscopic grading systems. “Defect ﬁll” also correlates with
MRI, its radiological counterpart. This indicates the value of both,
macroscopy and MRI, as independent tools to evaluate articular
cartilage repair.
Osteoarthritis31 is a clinically paramount potential long-term
consequence of a focal cartilage defect41. The parameter “degen-
eration of adjacent articular cartilage”was therefore included in the
newly developed macroscopic scoring system, aiming to reﬂect the
major histopathological features of the different grades of osteo-
arthritis33,34,42. It may be of particular value for the assessment of
the long-term effects of different experimental cartilage repair
procedures on the development of osteoarthritis. Osteoarthritic
changes were not acknowledged in all other previously published
macroscopic scoring systems.
“Blood vessels” were incorporated in the newly developed
macroscopic scoring system because theywere present in 58% of all
defects. Angiogenesis occurs during endochondral ossiﬁcation27,
inﬂammation28, and osteoarthritis29, and may reﬂect degeneration
of the osteochondral unit.
The present study holds some limitations: due to a lower level of
magniﬁcation compared with microscopic37 or arthroscopic13,16e18assessments, macroscopic scoring may not distinguish between
minor and major disruptions of the repair tissue13. However,
macroscopic scoring allows for an overall judgment of the entire
repair tissue, a critical point that is achievable in microscopic
scoring only by evaluating numerous serial sections3,30. Likewise,
different grades of demarcating borders2,13,16,17,43, as seen for
example by arthroscopic magniﬁcation of (the often larger) artic-
ular cartilage defects in patients, are difﬁcult to assess macro-
scopically. Therefore, and because such distinguishable margins
were seen in all of the cartilage defects evaluated here, a detailed
assessment of the demarcating border was excluded in the newly
developed macroscopic scoring system. Macroscopic evaluation of
blood vessels depends on the identiﬁcation of red color in a semi-
translucent tissue, making a reliable evaluation of deep vessels
difﬁcult. Finally, and since all scoring methods should be
used purpose-speciﬁc, the ICRS16,17, Oswestry13 and MOCART
scores22,23,44 were not used according to their intended clinical use,
while the O’Driscoll15 and Jung14 scores were developed for
different animal models.
MRI is an important non-destructive method to examine
cartilage pathologies12,19,45e47 and the clinical benchmark to
non-invasively evaluate cartilage repair11,12,48. Usually, standard
MRI scanners for clinical routine explorations reach ﬁeld
strengths of 1.5e3 T, the major parameter for maximal spatial
resolution, also allowing for an in vivo examination of large
animals49. High-ﬁeld MRI scanners provide even higher spatial
resolutions, while still receiving a good signal-to-noise ratio
within a relatively short scanning time. Thus, high-ﬁeld MRI may
be regarded as a bridge between macroscopic and histologic
evaluations50, as it reaches the very small voxel sizes of 120 mm
in three orthogonal planes. In addition, multiplanar reconstruc-
tion of the MRI data allows for observations of the repair tissue
in different planes, a critical feature that is difﬁcult to achieve
using histological sections.
In conclusion, a new scoring system for macroscopic carti-
lage defect grading was developed and compared to four
existing scores and high-ﬁeld MRI at 9.4 T. This newly devel-
oped macroscopic scoring system was characterized by the
highest intra- and interobserver reliability for “total points”,
with a good homogeneity and functioning of the individual
items. All other macroscopic scores exhibited comparable intra-
and interobserver reliabilities. Importantly, the newly devel-
oped macroscopic scoring system correlated best with the MRI
parameter “defect ﬁll”. The other macroscopic scoring systems
also correlated mild-to-moderate with the MOCART parameters
“total points” and “defect ﬁll”. Complex grading systems, such
as the newly developed macroscopic scoring system or the ICRS
score, are well suited to describe the complex pattern of carti-
lage repair, while elementary grading systems, such as the
Oswestry score, are also capable of discerning macroscopic
aspects of repair. The signiﬁcant correlation of macroscopic
cartilage repair with the corresponding MRI parameters there-
fore supports the continuing use of macroscopic assessment to
precisely judge articular cartilage repair in preclinical large
animal models.
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